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A key component in cellular bioenergetics is the ATP synthase. The enzyme from archaea represents a new class of ATPases, the A1AO ATP
synthases. They are composed of two domains that function as a pair of rotary motors connected by a central and peripheral stalk(s). The structure
of the chemically-driven motor (A1) was solved by small angle X-ray scattering in solution, and the structure of the first A1AO ATP synthases
(from methanoarchaea) was obtained recently by single particle analyses. These studies revealed novel structural features such as a second
peripheral stalk and a collar-like structure. Interestingly, the membrane-embedded electrically-driven motor (AO) is very different in archaea with
sometimes novel, exceptional subunit composition.
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Ever since archaea have been studied, their ability to thrive
at harsh conditions has attracted much attention because
special cellular adaptation mechanisms are required to cope
with temperatures at or above 100 °C, pH's at around 1 or 12
and salt concentrations up to 5 M. The principle mechanisms
of energy conservation, substrate level phosphorylation and
chemiosmosis, also apply to archaea but in addition, ancient
forms of energy conservation not found in bacteria or eukarya
are present in members of this domain of life [1]. Because
some archaea are rooted closely to the origin in the tree of life,
these unusual mechanisms are considered to have developed
very early in the history of life and, therefore, may represent
first energy conserving mechanisms. In addition, archaea have
unique metabolic pathways that are not found in bacteria and
often use low energy substrates for living. This review will⁎ Corresponding author. Tel.: +49 69 79829507; fax: +49 69 79829306.
E-mail address: vmueller@em.uni-frankfurt.de (V. Müller).
0005-2728/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2006.04.027focus on recent advances made in the understanding of the
bioenergetics of archaea.
2. Phylogeny of archaea
To date, three physiological groups of archaea are distin-
guished: the thermoacidophiles, the halophiles, and the metha-
nogens [2]. A phylogenetic tree is presented in Fig. 1. It splits
into twomajor phyla, theCrenarchaeota and theEuryarchaeota.
The cultured crenarchaeota represent mostly hyperthermophiles
and are supposed to be models for early life forms on earth.
Euryarchaeota are phylogenetically very diverse and include
physiologically quite distinct groups such as the strictly ana-
erobic methanogens, extreme halophiles such as halobacteria
and extreme acidophiles such as Thermoplasmatales. Korarch-
aeota have been identified by rRNA analyses but there are no
pure cultures of these organisms yet [3]. The Nanoarchaeota are
the youngest addition to the Archaea. They represent a very deep
lineage within the Archaea. So far, there is only one genus,
Nanoarchaeum, that lives by a yet to be determined mechanism
(parasitism?) in coculture with Ignicoccus, a crenarchaeon, and
Fig. 1. The phylogenetic tree of life. The red lines denote lineages that have hyperthermophilic organisms. The Korarchaeota are missing in this scheme. The
phylogenetic tree was created upon 16S rDNA sequences and is a courtesy of Dr. H. Huber, Regensburg.
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metabolic capabilities [4–6].
3. Energy conversion in archaea
Archaea are extremely heterogeneous with respect to their
energy metabolism. Respiration, anaerobic respiration with ni-
trate, fermentation, anaerobic photorespiration using bacte-
riorhodopsin as a light-driven proton pump, sodium-motive
methyltransfer reactions, and proton-reducing hydrogenases are
found [1]. Hyperthermophiles such as pyrococci and Ther-
moproteus ferment sugars via unusual unique pathways that
involve non-phosphorylated intermediates and unique reaction
mechanisms [7–9]. In addition, Pyrococcus was recently shown
to have a rather simple chemiosmotic mechanism, a membrane-integral hydrogenase of the ech-type that couples oxidation of
reduced ferredoxin to vectorial proton transport across the mem-
brane [10]. Members of the Sulfolobales use oxygen as terminal
electron acceptor, but employ unique respiratory enzymes for
electron transport to oxygen [1]. Methanogens are strictly ana-
erobic and grow by conversion of only a small number of sub-
strates to methane. This pathway is coupled to the generation of
both, a primary electrochemical sodium ion gradient by the
methyl-tetrahydromethanopterin:coenzyme M methyltransfer-
ase and a primary proton potential by anaerobic electron trans-
port with a heterodisulfide of coenzyme M and coenzyme B as
the electron acceptor [11,12]. This pathway operates at tem-
peratures ranging from 5 to 113 °C and salt concentrations
ranging from freshwater concentration to 2. 5 M NaCl, but is
only accompanied by a free energy change of –131 kJ/mol CH4,
Fig. 2. Model of the A1AO ATP synthase, as found in Methanocaldococcus
jannaschii. The c ring could bemade by four subunits of the triplicatedmonomer.
The relative location of the subunits C, D, F, E, and H is speculative. One copy of
subunit B has been omitted in the model to give a better view into the A1
headpiece.
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ATP under cellular conditions [13]. In nature, hydrogen concen-
trations are marginal and only less than one third of an ATP can
be synthesized per mol CH4. Apart from this multitude of dif-
ferent, often unique systems that archaea use to energize their
membranes, they all have one component in common, an ATP
synthase, the key component in cellular bioenergetics [14,15].
4. Subunit composition and function of ATP synthases from
archaea
Genetic analyses (see below) revealed that the ATP synthases
are encoded by at least nine genes. The overall subunit com-
position delineated from the gene sequences as well as the
primary sequences of the well conserved subunits of archaeal
ATP synthases are very similar to V1VO ATPases but only
distantly related to F1FO ATP synthases. Despite the similarities
in the overall structural organization to V1VO ATPases the
cellular function of (archaeal) A1AO ATP synthases clearly is to
synthesize ATP. Therefore, A1AO ATP synthases are sort of
chimeric enzymes combining features of both F1FO ATP syn-
thases and V1VO ATPases [14]. Since it is unlikely that the
principal mechanisms of action are different in these three sub-
classes of ATPases, one may assume that A1AO ATP synthases
are, like F1FOATP synthases andV1VOATPases [16–18], rotary
machines that couple ion flow across the membrane to rotational
movement of subunits.
ATP synthases/ATPases comprise a pair of coupled motors,
one electrically and one chemically-driven. Electronmicroscopy
of membrane vesicles of methanogens as well as Sulfolobus
[19,20] revealed that the A1AO ATP synthase is made of a head
piece (A1) and amembrane domain (AO) that are connected by at
least one stalk. Despite several attempts to purify ATP synthases
from archaea of very different phylogenetic positions, to date
only one ATP synthase, from the hyperthermophile Methano-
caldococcus jannaschii, has been purified that has all the sub-
units deduced from the operon sequence [21]. In addition, the
genes encoding the A1 ATP synthase from the mesophilic me-
thanogenic archaeon Methanosarcina mazei Gö1 were cloned
and expressed in E. coli. The complex was purified from E. coli
and shown to be a subcomplex made up of the five different
subunits A, B, C, D, and F [22,23].
The membrane-embedded motor of A1AO ATP synthases
contains only two membrane-intrinsic subunits, a and c. Subunit
a makes the stator and is very similar to subunit a of V1VO
ATPases with a hydrophilic N-terminal and a hydrophobic C-
terminal domain. The rotor is made by subunit c which has an
extraordinary variability that has, so far, only been found in
archaea. In most cases c subunits of A1AO ATP synthases are,
like the c subunits from F1FO ATP synthases, around 8 kDa with
two transmembrane spans and one ion-translocating residue per
hairpin [24–27]. This F1FO-like size was hitherto assumed to be
the reason for the F1FO-like properties of the A1AO ATP syn-
thases, i. e. their function as ATP synthases under cellular
conditions [28]. A rather surprising finding were duplicated and
triplicated c subunits and even a 13-mer in some methanogens
(see below).The F1FO ATP synthase from Acetobacterium woodii,
Ilyobacter tartaricus and Propiogenium modestum as well as
the V1VO ATPase from Enterococcus hirae use Na
+ as coupling
ion [29–32]. The ion specificity is determined by subunit c and
the Na+ binding site has been determined biochemically and by
structure determination [33–37]. Although the ion specificity of
A1AOATP synthases has not been settled experimentally, in silico
analyses revealed a putative sodium ion-binding site in the c-
subunits of theA1AOATP synthases/ATPases frommethanogenic
archaea, pyrococci, Thermoplasma volcanii and Thermoplasma
acidophilum [28]. This is at least for methanogens supported by
their physiology and bioenergetics [1]. However, the biochemical
verification of this hypothesis will be a challenging task for future
experiments that have to await the functional reconstitution of
intact A1AO ATP synthases into liposomes.
5. Structure of the A1AO ATP synthase
The structure of the A1 subcomplex as solved by small angle
X-ray scattering in solution is asymmetric, with a head piece that
is approximately 94 Å long and 92 Å wide and a stalk with a
length of approximately 84 Å and 60 Å in diameter [23]. This
low-resolution structure differs significantly from V1 and F1
ATPases regarding the central stalk domain, which couples the
catalytic site events in the α3β3/A3B3-headpiece with ion con-
duction through the membrane domain [38,39]. This underlines
the unique position of archaeal ATP synthases in the evolu-
tionary tree of ATP synthases/ATPases. The A1 headpiece is
made by three copies of an A/B pair. Subunits C and F are
exposed in the complex, whereas subunit D is positioned within
Fig. 3. Genomic organization of A1AO ATP synthase genes. Genes encoding hydrophobic proteins are indicated by asterisks. The operons are clustered according to
the phylogenetic position of the organisms: I–V, Euryarchaeota: I, methanogens; II, Thermococcales; III, halobacteria; IV, Thermoplasmatales; V, Archaeoglobales;
VI–VIII, Crenarchaeota: VI, Desulfurococcales; VII, Thermoproteales; VIII, Sulfolobales; IX, Nanoarchaeota. M. mazei Gö1, Methanosarcina mazei Gö1; M.
acetivorans C2A,Methanosarcina acetivorans C2A;M. barkeri,Methanosarcina barkeri Fusaro;M. thermautotrophicus,Methanothermobacter thermautotrophicus;
M. jannaschii, Methanocaldococcus jannaschii; M. maripaludis, Methanococcus maripaludis; M. kandleri AV19, Methanopyrus kandleri AV19; M. burtonii,
Methanococcoides burtonii; P. furiosus, Pyrococcus furiosus; P. abyssi, Pyrococcus abyssi; P. horikoshii OT3, Pyrococcus horikoshii OT3; T. kodakarensis KOD1,
Thermococcus kodakarensis KOD1; H. marismortui, Haloarcula marismortui; N. pharaonis, Natronomonas pharaonis; T. volcanium GSS1, Thermoplasma
volcanium GSS1; T. acidophilum, Thermoplasma acidophilum; F. acidarmanus, Ferroplasma acidarmanus; P. torridus, Picrophilus torridus; A. fulgidus,
Archaeoglobus fulgidus; A. pernix K1, Aeropyrum pernix K1; P. aerophilum IM2, Pyrobaculum aerophilum IM2; S. solfataricus P2, Sulfolobus solfataricus P2; S.
tokodaii 7, Sulfolobus tokodaii 7; S. acidocaldarius, Sulfolobus acidocaldarius; N. equitansKin4-M, Nanoarchaeum equitansKin4-M. ahaK/atpK and ahaI/atpI code
for subunits c and a, respectively. The genes atpA of P. furiosus, P. abyssi, T. acidophilum, and P. torridus contain inteins. For further explanations, see text.
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ATP synthases. Global structural alterations occur in the A1
ATPase due to nucleotide binding. The conformational changes
in the A1 headpiece due to nucleotide occupation correlate with
structural alterations in the stalk region, which can be expected
when the stalk couples ATP hydrolysis/synthesis with ion con-
duction [40].
So far, only the ATP synthase from M. jannaschii could be
purified without loss of subunits. The ATP synthase was so-
lubilized by Triton-X-100 and purified by sucrose gradient
centrifugation, ion exchange chromatography and gel filtration
to apparent homogeneity, and the preparation was shown to
contain subunits A, B, C, D, E, F, H, a, and c. The structure was
determined by electron microscopy of single particles at a re-solution of 1. 8 nm (Fig. 2) [18]. The enzyme has an overall
length of 25. 9 nm and is organized in an A1 headpiece (9.4×11.
5 nm) and a membrane domain AO (6.4×10. 6 nm), which are
linked by a central stalk with about 8 nm in length. A part of the
central stalk is surrounded by a collar. The collar is connected to
the top of the A1 portion via a peripheral stalk, and in addition,
there is a second peripheral stalk that connects the AO with the
A1 domain. Superposition of the 3D-reconstruction [41] and the
solution structure of the A1 complex from M. mazei Gö1 [23]
have allowed the projections to be interpreted as the A1
headpiece, a central and the peripheral stalk and the integral
AO domain. The bottom of the central CDF-stalk domain spans
the upper centre of the AO domain, facilitating the direct contact
of the rotary elements, which consists of an ensemble made from
442 K. Lewalter, V. Müller / Biochimica et Biophysica Acta 1757 (2006) 437–445the central stalk (CDF-domain) and the membrane embedded
rotor. The second peripheral stalk appears to be connected to the
collar domain and goes up to the A1 headpiece. Likely can-
didates for this stalk are the remaining hydrophilic subunits H
(12 kDa) and E (25 kDa), with the later predicted to be highly α-
helical. The top view projection of the rotated A1 subcomplex
shows a groove at the top of the A3B3-hexamer, in close neigh-
borhood to this peripheral stalk. Such a groove-like feature may
form a binding domain for the peripheral connection in the A1
headpiece.
This first structure of an A1AO ATP synthase at a resolution
of 1. 8 nm revealed not only the surprising finding of a collar-
like structure but also a second peripheral stalk. Such a second
peripheral stalk was also visualized in some V1VO ATPases
[42,43]. The function of this second stalk and the collar-like
structure awaits future biochemical analyses.
6. A genomic perspective on bioenergetics: implication on
structure, function and evolution of A1AO ATP synthases
Due to their phylogenetic position and their unique life style
the complete genomes of a number of archaea have been
sequenced. Genome data mining together with biochemical and
structural analyses (see above) revealed that the A1AO ATP
synthase is encoded by at least nine genes. The first complete
operon of an A1AO ATP synthase sequenced, was the one from
the methanogenic archaeon Methanosarcina mazei Gö1 that
contains the genes ahaHIKECFABD organized in one operon.
The gene encoding a hydrophilic polypeptide (ahaH) is followed
by two genes encoding the membrane embedded motor (ahaI,
ahaK) (Fig. 3). The remaining genes (ahaECFABD) encode
hydrophilic subunits. At the 3′ end of the operon is a sequence
that is highly conserved between Methanosarcina species and,
therefore, it is assumed to encode a gene that is functionally
coupled to ATP synthase function/assembly (Fig. 4). It was
tentatively named ahaG, but its role (if any) has not been
established. It should be mentioned, that the ATP synthase genes
of M. mazei were called aha genes when they were discovered,
but the ATP synthase genes of the other archaea were annotated
as atp genes.
The entire aha gene cluster of M. mazei is transcribed as a
single 9-kb message. Upstream of ahaH is an AT-rich region that
contains two potential archaeal promotor sequences. Interest-
ingly, there is an additional message of 0.64 kb that covers only
ahaK, the gene encoding subunit c [44]. This is of particular
importance since subunit cmay be present in 10 to 15 copies per
enzyme [45–48] and, therefore, the organisms have had to
develop mechanisms to ensure enhanced synthesis of the c
subunit relative to others. In E. coli, the ATP synthase-encoding
genes form a polycistronic operon, and the high level of syn-
thesis of subunit c is achieved by enhancement of translationFig. 4. Alignment of sequences (ahaG) downstream of ahaD (atpD) in methy
Methanosarcina barkeri Fusaro; M.a., Methanosarcina acetivorans C2A.[49]. The subunit c encoding gene of M. mazei is also part of a
polycistronic message, and its relatively high copy number may
be achieved by increasing the amount of transcript, either by the
additional transcription of the subunit c gene or by posttran-
scriptional modification of the primary transcript.
The organization of the A1AO ATP synthase genes is quite
similar in the Euryarchaeota (Fig. 3). atpD ofM. jannaschii and
atpBD ofM. kandleri form a second transcriptional unit 334 and
692 kb p away from the other unit. A distant organization of
atpD is also found in the halobacteria Halobacterium NRC1,
Haloarcula marismortui, and Natronomonas pharaonis. In the
two Thermoplasma species as well as in Ferroplasma acidar-
manus and Picrophilus torridus, the genes atpHI were shuffled
around in the operon. They are not present at the 5′ but at the 3′
end.
In contrast to this conservation of gene order, the ATPase
genes of the Crenarchaeota are scattered around the chromo-
some (Fig. 3). In addition, only some genes, encoding the well
conserved subunits A, B, D, c and a can be identified with
confidence by sequence comparisons. Others, like subunits C
and H cannot be detected unambiguously by BLAST searches.
Therefore, the lack of these genes in Fig. 3 does not mean that
they are not present on the chromosome but could simply reflect
the fact that they are too weakly conserved to allow their
detection by BLAST.
A rather interesting organism is Nanoarchaeum equitans
whose genome has been sequenced (see above). On its chro-
mosome, only the gene encoding subunit A could be identified,
the gene annotated as atpB is too small to encode a functional B
subunit. In this case, atpB is apparently absent since it should be
easily detectable by BLAST searches due to the high sequence
conservation of this major subunits. This is a very interesting
finding that could shed light on the evolution of ATP synthases/
ATPases. It is assumed that the precursor had six copies of an
ATP hydrolyzing, catalytic subunit encoding by one gene.
Duplication of the gene gave rise to a second subunit, but that
lost its ability to hydrolyze ATP giving rise to the three catalytic
(A, β) and three non-catalytic centers (B, α) present in the ATP
synthases/ATPases known so far [50,51]. The ATP synthase/
ATPase of N. equitans could represent such an ancient enzyme
supported by its unique phylogenetic position close to the origin
of life. However, it can also not be excluded at present that N.
equitans receives the B subunit from its host, Ignicoccus.
Furthermore, only 3 more subunits can be identified with con-
fidence. The ATP synthase/ATPase fromN. equitans seems to be
the most ancient ATPase and could give important clues to the
evolution of structure and function of ATPases/ATP synthases.
Unfortunately, cell yields are extremely low and, therefore,
biochemical analyses very laborious.
One of the outstanding features of A1AO ATP synthases is
the presence of c subunits with different sizes and numbers oflotrophic methanogenic archaea. M.m., Methanosarcina mazei Gö1; M.b.,
Fig. 5. Alignment of c subunits from pyrococci and Thermococcus kodakarensis. P.a., Pyrococcus abyssi; P.h., Pyrococcus horikoshii OT3; P.f., Pyrococcus furiosus;
T.k., T. kodakarensis KOD1. The arrowhead points to the proton-translocating active carboxylate in hairpin 2 that is substituted by a methionine in hairpin 1 (arrow).
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cation and subsequent fusion of the gene copies is present
inMethanothermobacter thermautotrophicus [52]. However, in
contrast to c subunits from V1VO ATPases, both ion-
translocating residues were retained in the 16-kDa c subunit.
An even bigger surprise was the finding of triplicated c-subunit
with three hairpin domains in Methanocaldococcus jannaschii
[44] and Methanococcus maripaludis. This c subunit contains
only two ion-translocating groups in three hairpins. The genome
of Methanopyrus kandleri revealed another extraordinary
feature: the A1AO ATP synthase genes are located in one
cluster, but the gene encoding the proteolipid is 13 times the size
of the gene encoding an 8-kDa proteolipid. The sequence
predicts a c-subunit of 97.5 kDa comprising 13 covalently
linked hairpin domains [53]! These domains have a highly
conserved sequence (55.9 to 86.3%), and the active carboxylate
is conserved in helix two of every hairpin domain. However,
posttranscriptional and posttranslational modifications cannot
be excluded and, therefore, the extraordinary size of the proteo-
lipid has to be verified by other means. The pyrococci Pyro-
coccus furiosus, Pyrococcus horikoshii and Pyrococcus abyssi
are anaerobic archaea that have a strictly fermentative
metabolism. Interestingly, their c-subunit genes arose by
duplication and subsequent fusion of a precursor gene coding
for one hairpin [28]. The same is found in the closely related
Thermococcus kodakarensis (Fig. 5). The duplicated c-subunit
with two covalently linked hairpins contains only one active
carboxylate in hairpin two but not in one. Therefore, the c-
subunit of the A1AO ATP synthases/ATPases from pyrococci
and Thermococcus is identical to the 16-kDa c-subunit of V1VO
ATPases. The F1FO ATP synthase from Acetobacterium woodii
also contains a duplicated c-subunit with loss of one carboxylate
[54]. The functional consequences of these multiplication
events have been reviewed recently [28].
7. Conclusions
Archaea are truly fascinating microbes that have unique
mechanisms for energy conservation. The ATP synthases from
archaea have unusual structural and functional features that, alongwith phylogenetic analyses, warrant their separation from F1FO
ATP synthases and V1VO ATPases as a distinct class of enzymes,
the A1AO ATP synthases. Single particle analyses revealed novel
structural features, and future work has to concentrate on
determining the subunit topology, to unravel the building blocks
of the novel structures, and to determine the couplingmechanism.
Without doubt, the membrane-embedded rotors of A1AO ATP
synthases are exceptional. The different motor domains seen
today in A1AO, F1FO, and V1VO were already present in early
history of evolution and were kept by archaea. F1FO ATP
synthases and V1VO ATPases evolved only one major kind of
motor as an adaptation to either chemiosmotic energy conserva-
tion or membrane energization by ATP hydrolysis and low
temperatures. The AO rotors clearly deserve more attention.
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